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MULTI-TIME-SCALE DIGITAL/ANALOG
HYBRID SIMULATION SYSTEM AND
METHOD FOR POWER DISTRIBUTION
NETWORK AND STORAGE MEDIUM

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s filed based upon Chinese Patent
Application No. 201610331069.1, filed on May 18, 2016,
and claims benefit of U.S. Provisional application. The
contents of the Chinese Patent Application are hereby incor-
porated by reference in its entirety.

TECHNICAL FIELD

The disclosure relates to a simulation system and a
simulation method therefor, and particularly to a multi-time-
scale Digital/Analog (D/A) hybrid simulation system and
simulation method therefor for a complex power distribution
network and a computer storage medium.

BACKGROUND

In recent years, with increase of a power supply require-
ment and development of a power distribution network
technology, a power distribution network keeps expanding,
on 1ts scale and gets 1ncreasingly complex 1n structure, and
its characteristics of large scale, multiple nodes, complex
equipment and multiple running manners get increasingly
highlighted. In addition, with rapid development of a renew-
able energy grid connection technology and a novel power
clectronic technology, access of a large number of distrib-
uted power supplies, microgrids, high-capacity chargers,
energy storage systems and the like on a power distribution
network side makes a running manner of the power distri-
bution network increasingly complex and endows a structure
and parameter of the power distribution network with sig-
nificant decentrality, asymmetry and diversity.

Multi-time-scale simulation of a power distribution net-
work 1s a powertul tool for improving a running and analytic
decision making capability. There are mainly two multi-
time-scale simulation methods for the power distribution
network at present, 1.e., physical simulation of a power
distribution network and all-digital multi-time-scale simu-
lation of a power distribution network. The physical simu-
lation of the power distribution network refers to analog
simulation with physical model equipment, may obtain a
detailed simulation result, and 1s high 1n reliability. How-
ever, 1t also has the shortcomings that a period 1s long due
to a limit of a stmulation scale, and hardware equipment 1s
usually expensive and relatively more diflicult to maintain
and operate. All-digital multi-time-scale simulation of the
power distribution network 1s low 1n cost and time con-
sumption and high 1n calculation speed, and may simulate a
large-scale power distribution network. However, accuracy
of a simulation calculation result of the all-digital multi-
time-scale simulation 1s poorer than physical simulation due
to a limit of complexity of a simulation object. In addition,
a power distribution network has the characteristics of large
scale, multiple equipment types, asymmetric structure and
parameter and the like, and 1s accessed by distributed power
supplies adopting complex control strategies, so that 1t 1s
relatively more dificult to implement multi-time-scale real-
time simulation of a power distribution system.

A simulation process for a complex power distribution
network has a relatively more obvious characteristic of
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multiple time scales, and includes steady simulation and
transient simulation. The transient simulation may further be
divided 1nto an electromagnetic multi-time-scale process
and an electromechanical multi-time-scale process. Com-
pared with a conventional power system, the complex power
distribution network has 1ts own characteristics. The char-
acteristics mainly includes: 1) there are a great variety of
novel components in various forms, including a static Direct
Current (DC) type power supply as well as a rotating
Alternating Current (AC) motor; 2) control over the com-
plex power distribution network 1s complex, including con-
trol over a distributed power inverter and an energy storage
component, control over power electronic equipment, volt-
age and Irequency adjustment of a network layer and the
like; 3) most of distributed power supplies are required to
supply power to power grids or loads through power elec-
tronic converters; 4) many distributed power supplies are
intermittent and random 1n output, and are usually required
to be matched with energy storage equipment, power com-
pensation devices and distributed power supplies of other
types to achieve relatively higher dynamic and static per-
formance; and 5) medium/low-capacity distributed power
supplies mostly access medium/low-voltage power distribu-
tion networks, asymmetry of network parameters and the
loads 1s greatly increased at this moment, and 1n addition,
distributed power supplies on user sides may be grid-
connected through single-phase inverters, which worsens
system asymmetry more.

Therefore, a running state of a complex power distribu-
tion network may vary with a change 1n an environmental
condition, increase and decrease of a load requirement,
adjustment of power output, a change in a running manner
and occurrence of a failure or disturbance. A multi-time-
scale process may also get more complex. Compared with
the conventional power system, the complex power distri-
bution network 1s larger in time scale span and closer in
coupling between dynamic processes. FIG. 1 shows time
scales corresponding to different stmulation processes for a
complex power distribution network. In recent years, with
increase ol a power supply requirement and development of
a power distribution network technology, a power distribu-
tion network keeps expanding on its scale and gets increas-
ingly complex in structure, and its characteristics of large
scale, multiple nodes, complex equipment and multiple
running manners get increasingly highlighted. In addition,
with increase of development and mput of renewable energy
and novel energy technologies, access of a large number of
distributed power supplies, microgrids, high-capacity char-
gers, energy storage systems and the like to the power
distribution network on a power distribution network side
makes a running manner increasingly complex and endows
a structure and parameter of the power distribution network
with obvious uniqueness, asymmetry and diversity.

Transient simulation of a power distribution network 1s a
powertful tool for improving a running and analytic decision
making capability. There are mainly two transient simulation
methods for the power distribution network at present, 1.¢.,
physical simulation of the power distribution network and
all-digital transient simulation of the power distribution
network. The physical simulation refers to analog simulation
with physical model equipment, may obtain a detailed
simulation result, and 1s high 1n reliability. However, 1t also
has the shortcomings that a period 1s long due to a limit of
a simulation scale, and hardware equipment 1s usually
expensive and relatively more diflicult to maintain and
operate. All-digital transient simulation of the power distri-
bution network 1s low 1n cost and time consumption and high
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in calculation speed, and may simulate a large-scale power
distribution network. However, the accuracy of the simula-
tion calculation result of the all-digital transient simulation
1s poorer than physical simulation due to a limit of com-
plexity of a simulation object, and precision 1s poor. In
addition, the power distribution network has the character-
istics of large scale, multiple equipment types, asymmetric
structure and parameter and the like, and 1s accessed by
distributed power supplies adopting complex control strat-
egies, so that 1t 1s relatively more difficult to implement
power distribution system transient real-time simulation.

A transient simulation process for a complex power
distribution network has a relatively more obvious charac-
teristic of multiple time scales, and may be divided into an
clectromagnetic transient process and an electromechanical
transient process. Compared with a conventional power
system, the complex power distribution network has 1ts own
characteristics. The characteristics mainly include: 1) there
are a great variety of novel components 1n various forms,
including a static DC type power supply as well as a rotating
AC motor; 2) control over the complex power distribution
network 1s complex, including control over a distributed
power supply and an energy storage component, control
over a power electronic converter, voltage and frequency
adjustment of a network layer and the like; 3) most of
distributed power supplies are required to supply power to
power grids or loads through power electronic converters; 4)
many distributed power supplies are intermittent and ran-
dom 1n output, and are usually required to be matched with
energy storage equipment, power compensation devices and
distributed power supplies of other types to achieve rela-
tively higher dynamic and static performance; and 5)
medium/low-capacity distributed power supplies mostly
access medium/low-voltage power distribution networks,
asymmetry of network parameters and the loads 1s greatly
increased at this moment, and 1n addition, distributed power
supplies on user sides may be grid-connected through
single-phase 1nverters, which worsens system asymmetry
more.

Therelfore, a running state of a complex power distribu-
tion network may vary with a change in an environmental
condition, increase and decrease of a load requirement,
adjustment of power output, a change 1n a running manner
and occurrence of a failure or disturbance, a transient
process may also get more complex. Compared with the
conventional power system, the complex power distribution
network 1s larger 1n time scale span and closer 1 coupling,
between dynamic processes. FIG. 1 shows time scales
corresponding to diflerent transient processes for a complex
power distribution network.

In terms of power grid digital simulation, analog simula-
tion and D/A hybrid simulation, there have been typical
related disclosures as follows.

(1) Chinese Disclosure Application No. 201310153712.2
entitled “Power distribution network simulation research
and analysis system and method based on network-wide
data”. This disclosure discloses technical characteristics of
cach layer such as a data layer, a platform layer and an
application layer 1n a digital simulation system for a power
distribution network. However, this technology 1s directed to
conventional steady process simulation of the power distri-
bution network. This technology has no detailed models of
components such as a distributed power supply, a power
clectronic device and flexible AC and DC equipment, 1s low
in simulation speed. This technology cannot implement
real-time simulation and transient simulation of the power
distribution network.
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(2) Chinese Disclosure Application No. 201410602141.0
entitled “Analog simulation system of complex power dis-
tribution network”. This disclosure discloses technical char-
acteristics of five major modules, 1.e. a power simulation
unit, a line simulation unit, a load simulation unit, a control
simulation unit and a protection simulation umt, 1n the
analog simulation system for the power distribution net-
work. However, the analog simulation system for the power
distribution network is high 1n equipment construction cost,
large 1 occupied area and undiversified 1n simulation sce-
nario, and cannot implement multi-scenario simulation of
the power distribution network.

(3) Chinese Disclosure Application No. 201310283532.6
entitled “Power level digital-analog hybrid simulation sys-
tem”. This disclosure discloses technical characteristics of a
hardware circuit and digital model 1n a D/A hybrid simula-
tion system, and elaborates a topological structure and
working principle of a power connecting interface with an
emphasis. However, transient simulation with the D/A
hybrid simulation system has the problem of asynchrony
between a digital side and an analog side. In addition, the
conventional art 1s oriented to a power transmission net-
work, and simulation requirements of a complex power
distribution network with the characteristics of multiple
segments, multiple connections, multiple running states,
high R/X ratio, large scale, complex structure, multiple
nodes, large coverage and the like on component modeling,
process modeling, algorithm solving, function setting and
the like cannot be met.

-

T'hus 1t can be seen that the abovementioned disclosures
all have certain shortcomings, and 1t 1s necessary to seek for

a novel simulation system and simulation method.

SUMMARY

In order to solve the shortcomings of the conventional
arts, embodiments of the disclosure are intended to provide
a complex power distribution multi-time-scale D/A hybnd
simulation system, a simulation method therefor and a
computer storage medium. The method adopts multi-time-
scale digital and multi-time-scale real-time simulation for a
conventional power distribution network unit part, and per-
forms simulation by adopting physical model equipment for
equipment and network of which internal mechanisms have
yet not been deeply researched and are difhicult to express
with digital formulae and model and high 1 simulation
accuracy, and a digital part and an analog part implement
joint real-time simulation through a D/A hybrid interface
unit and a synchronization mechanism.

The purpose of the disclosure 1s achieved by adopting the
tollowing technical solutions.

In order to solve the technical problems, an aspect of the
embodiments of the disclosure provides a multi-time-scale
D/A hybrid simulation system for a complex power distri-
bution network, which 1s improved as follows: the D/A
hybrid simulation system 1s configured to implement single
voltage class and multi-voltage class-based multi-time-scale
D/A hybrid simulation of an AC power grnid, a DC power
orid and an AC and DC hybrid power grid, the D/A hybrid
simulation system including:

a digital simulation system, configured to perform D/A
hybrid transient simulation on the power distribution net-
work including a distributed power supply;

a D/A hybrid interface device, configured to perform
synchronization for data coordination and time consistency;
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a physical simulation circuit, configured to construct a
topological structure of a complex power distribution net-
work; and

a underlying-layer design module, configured to provide
a real-time synchronization simulation technology for a
simulation layer of the digital simulation system and provide
a Field-Programmable Gate Array (FPGA)-based time
adjustment technology for the digital simulation system and
the D/A hybrid interface device, wherein

the digital stmulation system and the physical simulation
circuit are connected through the D/A hybrid interface
device to form a multi-time-scale simulation system which
1s a loop.

In an embodiment, design of the digital simulation system
includes: design of an interaction layer, design of a modeling
layer and design of the simulation layer; design of the
interaction layer 1s configured to be responsible for visual
interaction with a user, construct a simulation circuit by
adopting a component model pattern established by the
modeling layer and perform parameter setting for simulation
components; design of the modeling layer 1s configured to
be responsible for mathematical modeling for simulation
components, component parameter definition, parameter
estimation and verification and component pattern appear-
ance design; and design of the simulation layer 1s configured
to be instructed by the interaction layer to perform simula-
tion calculation on the simulation circuit constructed by the
interaction layer on the basis of a simulation component
mathematical model established by the modeling layer with
reference to a corresponding parameter setting for simula-
tion components, including design of parallel calculation of
an electrical system and a control system and FPGA-based
design of a digital frame.

In an embodiment, the underlying-layer design module
adopts a logical programming-based FPGA to perform hard-
ware-accelerated digital simulation, and simultaneously
adopts a multi-FPGA partition paralleling method to accel-
crate system-level digital stmulation of the power distribu-
tion network.

In an embodiment, the D/A hybrid interface device
includes:

a data acquisition unit, configured to acquire and send a
voltage and current signal of the simulation circuit con-
structed by the simulation modeling layer to the digital
simulation system;

a power amplification unit, configured to i1mplement
power amplification of the current signal of the digital
simulation system and convert a digital signal into a real
current signal for participating in running of the physical
simulation circuit; and

a switch signal unit, configured to implement isolated
sending of a switch signal between the digital simulation
system and the physical simulation circuait.

In an embodiment, the data acquisition unit includes a
data butler, Analog/Digital (A/D) data collector and voltage
conditioning unit which are connected 1n sequence; a volt-
age and current signal of the physical simulation circuit 1s
converted 1nto a low voltage or low current signal through
a mutual inductor or a sensor, and 1s sent to the D/A hybnd
interface device, the A/D data collector of the D/A hybnd
interface device converts an analog signal mto a digital
signal, and the data bufler of the data acquisition unit
temporarily caches the digital signal;

the power amplification unit includes a D/A converter and
power amplifier which are connected 1n sequence; a signal
of the digital simulation system passes the D/A converter at
first, a digital current signal of the digital simulation system
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1s converted into an analog voltage signal, and the analog
voltage signal 1s converted into a current corresponding to a
digital quantity through the current power amplifier; and
the switch signal unit adopts an 1solation device for
isolation, and the switch signal unit has functions of: 1)
directly transmitting a switch instruction of the digital
simulation system to the physical simulation circuit for
execution, and 2) sending a switch state of the physical
simulation circuit to a digital part of an upper computer.

In an embodiment, the FPGA-based time adjustment
technology 1s adopted to achieve a purpose of real-time
synchronization of the digital simulation system and the
physical simulation circuit, and the FPGA-based time
adjustment technology 1s as follows: a high-speed FPGA
records a reading signal of the digital simulation system,
records a calculation cycle time of the digital system accord-
ing to the reading signal, and punctually drives an A/D
signal converter at a time point A T before next reading of
the digital simulation system to perform A/D conversion on
analog data and provide A/D conversion result for the digital
simulation system.

In an embodiment, the physical simulation circuit 1s
configured to mmplement analog simulation of a multi-
voltage class power distribution network, and includes a
power simulation unit, a line simulation unit, a load simu-
lation unit, a protection simulation unit, a monitoring simu-
lation unit and a physical synchronization module; and a
power distribution network type object which may be simu-
lated by the physical simulation circuit includes a single-
voltage class or multi-voltage class passive power distribu-
tion network, active power distribution network, closed-loop
running power distribution network and AC and DC hybnd
power distribution network.

In an embodiment, a terminal cabinet 1s designed for the
physical simulation circuit, terminals in the terminal cabinet
are connected with connecting ports of power physical
components, and the terminal cabinet 1s drawn with each
component marking symbol and pasted with names and
connecting port numbers.

In an embodiment, a uniquely corresponding model 1s
designed for each power physical component, lines are
drawn for connection according to a model structure to be
designed, and the upper computer automatically recognizes
a connecting relationship between the components, and
generates a connecting list, the connecting list including a
sequence number of each component, port numbers of the
components and a connecting relationship between ports of
the components.

In an embodiment, a process that the upper computer
automatically generates the connecting list according to a
topological relationship between the power physical com-
ponents 1s 1mplemented as follows: the upper computer
traverses all the components 1n a sequence from small to
large sequence numbers of the power physical components
and traverses all the ports of the components 1n a sequence
from small to large port numbers to form the connecting list,
and records the component sequence numbers and port
numbers which are traversed for the first time as primary
component sequence numbers and port numbers of new
nodes.

In an embodiment, simulation functions of the multi-time-
scale D/A hybnd simulation system for the complex power
distribution network 1nclude that: 1) the physical simulation
circuit monitors the digital simulation system: model real-
time power flow running state simulation 1s completely
performed in the digital simulation system, a monmitoring and
protection device of the physical simulation circuit monitors
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a running state of the digital simulation system, and i an
event or failure occurs at a certain moment when the digital
simulation system runs, the real momtoring and protection
device of the physical simulation circuit timely acts accord-
ing to the event or the failure, and sends an acting signal to
the digital simulation system through the D/A hybrid inter-
tace device to achieve a purpose of testing the monitoring
and protection device of the physical simulation circuit; 2)
the digital simulation system monitors the physical simula-
tion circuit: the physical simulation circuit constructs a
simulation topology according to a given scenario, 1ts run-
ning state 1s sent to the digital simulation system through the
D/A hybnd interface device, and a monitoring and protec-
tion module of the digital simulation system monitors a real
running state of physical simulation to achieve a purpose of
monitoring the physical simulation circuit by the digital
simulation system; and 3) D/A hybnd simulation with
respective digital transient and steady calculation of the
complex power distribution network: the system 1s divided
into a simulation computer calculating a power grid model
of the complex power distribution network and a real-time
simulator configured to calculate electronic transient and
clectromagnetic transient models, two systems are con-
nected by high-speed communication, and the real-time
simulation system 1s connected with the physical stmulation
circuit through the power amplifier.

In order to solve the technical problems, another aspect of
the embodiments of the disclosure turther provides a simu-
lation method of a multi-time-scale D/A hybrid simulation
system for a complex power distribution network, which 1s
improved as follows: the simulation method includes the
following scenarios: (1) D/A hybrid simulation of the com-
plex power distribution network running 1n a digital simu-
lation system; (2) D/A hybrid simulation of a part of the
complex power distribution network running in a physical
simulation equipment; and (3) D/A hybrid simulation 1n
which digital transient calculation and steady calculation of
the complex power distribution network are performed
respectively, wherein based on the above three basic forms,
modules 1n the digital simulation system and the physical
simulation circuit all run independently, the digital stmula-
tion system wholly or partially participates in D/A hybnd
simulation of the physical simulation circuit, and all or part
of equipment of the physical simulation circuit participates
in D/A hybrnid simulation of the digital stmulation system.

In order to solve the technical problems, another aspect of
the embodiments of the disclosure provides a computer
storage medium, wherein the computer storage medium
stores a computer-executable 1nstruction, and the computer-
executable 1nstruction 1s configured to execute the simula-
tion method of the multi-time-scale D/A hybrid simulation
system for the complex power distribution network.

Compared with a closest conventional art, the technical
solutions provided by the embodiments of the disclosure
have the following beneficial effects.

(1) The multi-time-scale D/A hybrid simulation system
and simulation method therefor for the complex power
distribution network and computer storage medium pro-
vided by the embodiments of the disclosure may implement
multi-time-scale real-time simulation of a large-scale com-
plex power distribution network, and are high in simulation
real-time performance, accuracy and stability.

(2) The multi-time-scale D/A hybrid simulation system
and simulation method therefor for the complex power
distribution network and computer storage medium pro-
vided by the embodiments of the disclosure simulate equip-
ment diflicult to accurately model with physical model
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equipment and digitally simulate other parts to implement
synchronization between D/A multi-time-scale simulation,
and are real-time, eflicient, convenient and also accurate.

(3) According to the embodiments of the disclosure, a
steady multi-time-scale simulation test in the complex
power distribution network including a conventional power
distribution network and new elements such as the distrib-
uted power supply, a microgrid, an electric vehicle/charging
and discharging device, intelligent equipment/system, an
automatic/information-based system, a DC power grid, an
AC and DC hybrid power grid, a closed-loop running power
orid and a power electronic inversion device may be imple-
mented.

(4) According to the embodiments of the disclosure,
comprehensive simulation functions are realized, including
simulation functions of failures of power distribution net-
works with different topologies and different grounding
manners, dynamic and static power flows and the like, and
simulation analysis on a single or multi-voltage grade power
distribution network with infinite power or 1solated for
running may be implemented.

(5) According to the embodiments of the disclosure, a
simulation result 1s repeatable, reliable and real, and may
objectively reflect a running rule and characteristic of a real
complex power distribution network.

(6) According to the embodiments of the disclosure, a
cutting-edge technology and mature and reliable equipment
are adopted, the simulation system 1s easy to implement, a
modular design 1s adopted, a topological changing manner 1s
flexible, and convenience 1s brought to operations.

(7) According to the multi-time-scale D/A hybrid simu-
lation system and simulation method therefor for the com-
plex power distribution network and computer storage
medium provided by the embodiments of the disclosure, the
digital part 1s implemented by adopting multi-Central Pro-
cessing Unit (CPU)-based parallel distributed simulation
and FPGA-based small-step length digital simulation, the
analog part implements simulation through the physical
model equipment, and a D/A hybrnid interface formed by the
data acquisition umt, the current power amplification unit
and the switch signal umit 1s adopted for connection, so that
practical running time of a digital simulation process and an
analog system 1s kept consistent, a simulation speed 1s high,
and 1t 1s maximally ensured that multi-time-scale simulation
1s close to a real running condition.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic diagram of a time scale of various
dynamic processes of a complex power distribution net-
work.

FIG. 2 1s a schematic diagram of a specific embodiment
of a multi-time-scale D/A hybrid simulation system and
simulation method theretfor for a complex power distribution
network according to an embodiment of the disclosure.

FIG. 3 1s a principle diagram of a multi-time-scale D/A
hybrid simulation system and simulation method theretfor for
a complex power distribution network according to an
embodiment of the disclosure.

FIG. 4 1s an overall structure diagram of a multi-time-
scale D/A hybrid simulation system for a complex power
distribution network according to an embodiment of the
disclosure.

FIG. 5 1s a principle diagram of an FPGA-based small-
step length digital transient simulation part according to an
embodiment of the disclosure.
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FIG. 6 1s an architecture diagram of FPGA-based digital
side simulation according to an embodiment of the disclo-

sure.

FI1G. 7 1s a solving frame diagram of digital simulation of
a complex power distribution network according to an
embodiment of the disclosure.

FIG. 8 1s a diagram of a parallel calculation method for an
electrical system and control system of a complex power
distribution network according to an embodiment of the
disclosure.

FIG. 9 1s a technical diagram of a multi-time-scale mod-
cling method for equipment components of a complex
power distribution network according to an embodiment of
the disclosure.

FIG. 10 1s a flowchart of a variable step length simulation
algorithm according to an embodiment of the disclosure.

FIG. 11 1s a state comparison diagram of a bufler of each
processor before and aifter data sharing according to an
embodiment of the disclosure.

FIG. 12 1s a diagram of an FPGA-based time adjustment
strategy according to an embodiment of the disclosure.

FIG. 13 1s a structure diagram of a power grid power
simulation device according to an embodiment of the dis-
closure.

FIG. 14 1s a structure diagram of a distributed power
simulation device according to an embodiment of the dis-
closure.

FIG. 15 1s a structure diagram of a line simulation unit
according to an embodiment of the disclosure.

FIG. 16 15 a structure diagram of a load simulation umit
according to an embodiment of the disclosure.

FIG. 17 1s a flowchart of a flexible topological structure
design method for physical simulation equipment according
to an embodiment of the disclosure.

FIG. 18 1s a principle diagram of a D/A hybnid interface
device according to an embodiment of the disclosure.

FIG. 19 1s a schematic diagram of D/A hybrid simulation
of a complex power distribution network running 1n a digital
simulation part according to an embodiment of the disclo-
sure.

FI1G. 20 15 a schematic diagram of D/A hybrid simulation
of a part of a complex power distribution network running
in an analog equipment according to an embodiment of the
disclosure.

FI1G. 21 1s a schematic diagram of D/A hybrid simulation
with respective digital transient and steady calculation of a
complex power distribution network according to an
embodiment of the disclosure.

DETAILED DESCRIPTION

Specific 1implementation modes of the disclosure will
turther be described below 1n conjunction with the drawings
in detail. It 1s to be understood that the scope of protection
of the disclosure 1s not limited by the specific implementa-
tion modes.

Specific implementation solutions of the disclosure are
tully shown 1n the following descriptions and drawings for
those skilled 1n the art to implement. Other implementation
solutions may 1nclude structural, logical, electrical, process
and other changes. Embodiments only represent possible
changes. Unless explicitly specified, independent compo-
nents and functions are optional, and an operation sequence
may change. Part and characteristics of some implementa-
tion solutions may be included 1n or replace part and
characteristics of the other implementation solutions. The
scope of the implementation solutions of the disclosure
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includes the whole scope of the claims and all achievable
equivalents of the claims. In the disclosure, these imple-
mentation solutions of the disclosure may be independently
or wholly represented with term “disclosure”, just for con-
venience. Moreover, 1f more than one disclosure 1s actually
disclosed, the scope of the application will not be automati-
cally limited to be any single disclosure or mventive con-
cept.

The disclosure discloses a multi-time-scale D/A hybnd
simulation system for a complex power distribution network
and simulation method for the multi-time-scale D/A hybnd
simulation system and a computer storage medium. The
method adopts multi-time-scale digital and multi-time-scale
real-time simulation for a conventional power distribution
network unit part, and performs simulation by adopting
physical model equipment for equipment and network of
which internal mechanisms have yet not been deeply
researched and are difficult to express with digital formulae
and model and high in simulation accuracy. A digital part
and an analog part implement joint real-time simulation
through a D/A hybrid interface unit and a synchromzation
mechanism. Three major parts which are mvolved will be
described below 1n detail respectively.

(1) A digital side part in D/A hybnid simulation of the
complex power distribution network

1) For multi-time-scale simulation of a power distribution
network including a distributed power supply, a simulation
step length 1s required to be small, particularly for multi-
time-scale simulation of a power electronic interface dis-
tributed power supply including a high-frequency switch
signal. In the disclosure, an FPGA-based simulation tech-
nology 1s adopted. Hardware acceleration 1s implemented on
a underlying layer by using a programmable logical resource
of an FPGA, and the simulation step length may be smaller
than 5 us.

2) A simulation calculation amount 1s increased because
of the small simulation step length. For ensuring real-time
synchrony between a simulation speed and an external
physical simulation device, a model decomposition technol-
ogy 1s internally adopted to optimally divide a digital model
of the power distribution network, feeder lines, substations
and feeder lines thereof, a power supply region formed by a
plurality of substations and the whole power distribution
system are taken as a simulation object for digital segmen-
tation. The segmentation process may be implemented
according to principles of balance between complexity and
the calculation amount, problem research requirements and
the like. And segmented partition modules may adopt a
multi-CPU blocking calculation method for high-speed par-
allel calculation and acceleration. When the simulation
model 1s split from different angles, a running state and
simulation result of the simulation model are different,
synchronization of CPUs where different models are located
directly influences a simulation effect, and a delay of a
power nterface may also influence simulation, so that
detailed considerations and design are made 1n the disclo-
sure for simulation synchromzation problems.

3) For implementing multi-time-scale simulation of the
complex power distribution network, 1t 1s necessary to
perform multi-time-scale modeling on equipment compo-
nents of the power distribution network. Multi-time-scale
models of the equipment components of the complex power
distribution network are established according to internal
mechanisms of the equipment components of the complex
power distribution network such as the distributed power
supply, a power electronic device and a charging pile and
dynamic and static characteristics thereof i1n various
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response processes ol the complex power distribution net-
work, and a representation form includes a diflerential
equation, a nonlinear algebraic equation, a piecewise linear-
1zation equation and the like.

(2) Physical model simulation: physical units with unclear
running mechanisms, complex 1n modeling and dithicult to
express may be simulated with physical systems or equip-
ment. Physical model simulation of the power distribution
network refers simulating practically running equipment of
the power distribution network on the basis of a similarity
principle by adopting physical equipment practically used in
reality or physical equipment which 1s equally scaled.
According to a similanity theory, there exist fixed scale
factors between static, dynamic and multi-time-scale physi-
cal quantities of a power distribution system and corre-
sponding physical quantities of another power distribution
system, and when two power distribution systems or equip-
ment has certain similarities 1n terms ol geometry, perfor-
mance, structure, behavioral process and the like, charac-
teristics of the other power distribution system or equipment
of the same scale may be deduced from one power distri-
bution system or equipment. Therefore, the performance of
the practical physical equipment may be simulated with the
physical model equipment which 1s equally scaled according,
to an economy principle. In the disclosure, equipment and
system setting and performing physical multi-time-scale
performance simulation includes 6 types of units, 1.e., a
power simulation umit, a line simulation unit, a load simu-
lation unit, an event simulation unit, a protection simulation
unit and a momtoring simulation umt. Device types and
numbers of each stmulation unit are determined according to
a scale of the power grnid to be simulated. Fach unit 1s
independent. During application, related devices of each unit
are directly connected or nested to form a planned power
orid topology according to equipment types requiring analog
simulation, and device parameters and control strategies are
adjusted to construct a required topological structure of a
complex power distribution network.

Considering that an object required to be simulated
includes a single-voltage class or multi-voltage class power
distribution network type such as a conventional passive
power distribution network, an active power distribution
network, a closed-loop running power distribution network
and an AC and DC hybrid power distribution network, an
established analog simulation system for the complex power
distribution network 1s also required to include the compo-
sition units of the abovementioned types as well as the
topological structure and have the corresponding runming,
characteristics. For such a characteristic, a modular analog
simulation system, with the characteristics of flexible mod-
cling, topology vanability and controllability and parameter
adjustability and controllability, for the complex power
distribution network 1s constructed, the system 1s electrically
1solated from a power supply network (1.e. a power grid),
takes electricity from the power supply network through a
power electronic inversion power supply, and internally
forms an analog power system completely unrelated with
and independent from the power grid 1n terms of {frequency,
voltage, current, time scale and the like, one or more
voltages between a rated voltage 0-1,500V of the system
may, for example, adopt three voltage classes, 1.e. 1,100V,
400V and 100V, and a voltage of the constructed system may
include one or more voltages. The power simulation unit
simulates an AC synchronous power generation system, a
power grid with AC infinite power/superior to the power
distribution network and various power supplies of the
power distribution network such as a distributed power
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supply and an AC power supply. The line simulation unit
simulates equivalent impedance of a substation, a switch, a
feeder line, a transformer and the like. The load simulation
unit simulates an active and reactive AC loads and DC loads,
which are stable or change according to a certain rule, of
cach voltage class. The event simulation unit simulates an
event of an interphase short circuit, a grounded short circuat,
an open circuit, a risk, tripping, load switching and the like
and a failure and action of device equipment to be tested.
The protection simulation unit simulates a relay protection
and setting strategy of the power distribution network. The
monitoring simulation unit stimulates a monitoring, commu-
nication and control system, Supervisory Control And Data
Acquisition (SCADA) system and the like of the power
distribution network, and acquires and simulates electricity
utilization information acquisition, load management, line
loss analysis, load prediction, electricity pricing strategy and
the like of the power distribution network.

The physical analog simulation system inevitably needs
to change the topological structure according to a require-
ment. For the shortcomings of the conventional arts, the
embodiments of the disclosure provide a topological imple-
mentation method of a physical analog simulation system
for a power distribution network. Multiple required topo-
logical structures are provided for simulation of the power
distribution network. According to a number and changing
characteristics of changing nodes 1n topologies, upper com-
puter software automatically generates a connecting solu-
tion, generates a connecting list, and connects each end of
components 1n a terminal cabinet according to the list.

(3) A D/A hybrid interface and synchronization technol-
ogy: for forming hardware-in-the-loop digital and physical
hybrid co-simulation, the D/A hybrid interface 1s required to
be used. The D/A hybnid interface has a main function of
synchronization for running data coordination and time
consistency, acquires and converts voltage, current and
switch information acquired from a physical side for sending
to a digital side, and sends digital information of the digital
side to an analog side through a current power amplifier for
real-time running, so as to ensure real-time simulation of a
digital software simulation system and physical analog side
simulation on the same time section.

The D/A hybrid interface mainly includes three parts, 1.¢.,
a data acquisition unit, a power amplification unit and a
switch signal unit. The data acquisition unit 1s responsible
for acquiring and sending a voltage, current and switch
signal of the physical simulation circuit to the digital simu-
lation system. The power amplification unit mainly imple-
ments power amplification of a current signal of a digital
simulation system part, and converts a digital signal into a
real voltage, current and switch signal for participating in
running of the simulation circuit. The switch signal unit
implements 1solated sending of the switch signal between
the digital system and the physical simulation equipment.

The multi-time-scale D/A hybrid simulation system for
the complex power distribution network needs real-time
synchronization between a digital part and an analog part
and between the digital part. The real-time synchronization
technology 1s implemented from three aspects. A digital part
implementation method includes: a variable step length
technology and a distributed data sharing technology. Real-
time synchronization between the digital parts and the
analog part 1s implemented through the D/A hybrid inter-
face, and an implementation method 1s an FPGA-based time
adjustment strategy.




US 10,826,292 B2

13

Embodiment

FIG. 2 1s a schematic diagram of a specific embodiment
of a multi-time-scale D/A hybrid simulation system and
simulation method therefor for a complex power distribution
network according to the disclosure. In FIG. 2, with a 10 kV
power distribution network as an example, a basic i1dea of
the multi-time-scale D/A hybrid simulation system and
simulation method therefor for the complex power distribu-
tion network are shown. A large-scale complex power dis-
tribution network part 1n the figure adopts digital simulation,
including a connecting line part, a switch, outgoing lines and
the like. Umits of wind power generation, photovoltaic
power generation, a charging pile, energy storage, a load and
the like, shown in dotted boxes in the figure, which are
relatively more complex, unlikely to be modeled and high in
simulation accuracy requirement are simulated with scaled
physical model equipment.

FIG. 3 1s a principle diagram of a multi-time-scale D/A
hybrid simulation system and simulation method therefor for
a complex power distribution network according to the
disclosure. A digital simulation part and physical model
simulation part of the complex power distribution network
are connected through a D/A hybrid interface and synchro-
nization unit. Digital simulation of a substation, the load, a
distributed power supply, the switch, a monitoring point, an
equivalent connecting point and the like 1s implemented 1n
the digital part, and these modules are simulated by adopting,
conventional manure digital models. Alternatively, digital
verification simulation 1s performed on novel equipment (for
example, the distributed power supply). An analog simula-
tion part of the complex power distribution network per-
forms physical analog simulation on a power line, voltage
adjustment equipment, the distributed power supply, the
load and various kinds of physical model equipment. Com-
pared with the digital part, physical analog simulation
adopts a high voltage and a high current, and 1s connected
with the digital part through the D/A hybrid interface and
synchronization unit. The D/A hybnd interface and synchro-
nization umt amplifies a voltage and current signal of the
digital part into a real high voltage and high current 1n an
equal proportion for connection with a physical model
simulation system. On the contrary, a high voltage and high
current signal of the physical model simulation system 1is
also converted into a digital voltage and digital current

signal for connection with digital simulation 1n an equal
proportion through the D/A hybrid interface and synchro-
nization unit. Therefore, real-time multi-time-scale D/A
hybrid simulation of the complex power distribution net-
work 1s 1mplemented.

1: An Overall Structure of a D/A Hybnd Simulation
System for a Complex Power Distribution Network

The overall structure of the D/A hybnid simulation system
for the complex power distribution network 1s shown 1n FIG.
4. The overall structure includes a digital system part, a D/A
hybrid interface part and a physical simulation part.

The digital system part includes: design of an interaction
layer, design of a modeling layer and design of a simulation
layer. The design of the interaction layer includes design of
a modeling tool, parameter setting and a visual interface.
The design of the modeling layer includes multi-time-scale
modeling and model parameter estimation and verification.
The design of the simulation layer includes design of a
parallel calculation method for an electrical system and a
control system and design of an FPGA-based digital side
simulation architecture, and 1s a foundation for parallel
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decomposition-coordination simulation. Design work of the
three aspects determines an overall architecture of upper
computer software.

A D/A hybrid interface mainly includes three parts, 1.¢., a
signal amplification unit, a power amplification unit and a
switch signal unit. The signal acquisition unit 1s responsible
for acquiring and sending a voltage and current signal of a
physical simulation circuit to a digital simulation system.
The power amplification unit mainly implements power
amplification of a current signal of a digital simulation
system part, and converts a digital signal 1nto a real current
signal for participating in running of a simulation circuit.
The switch signal unit implements 1solated sending of a
switch signal between the digital system and physical simu-
lation equipment.

The physical simulation part mainly includes: a power
simulation unit, a line simulation unit, an event simulation
unit, a load simulation umit, a protection simulation unit, a
monitoring simulation unit and the like. Each unit 1s inde-
pendent. During application, related devices of each unit are
directly connected or nested to form a planned power grid
topology according to equipment types mvolved 1n simailar-
ity principle-based analog simulation, and device parameters
and control strategies are adjusted to construct a required
topological structure of a complex power distribution net-
work.

2: A Digital Side Part in D/A Hybnid Simulation of the
Complex Power Distribution Network

(1) The FPGA-Based Digital Stmulation Architecture

Here, a principle of the digital sitmulation part 1s shown 1n
FIG. 5, and adopts FPGA-based multi-time-scale digital
real-time simulation. The power distribution network to be
simulated 1s decomposed into a plurality of subnetworks.
The subnetworks are connected through communication
lines. Simulation of each subnetwork 1s operated 1n an
FPGA-based basic solving unit. The result of each basic
solving unit 1s shared through the communication lines to
achieve a purpose of parallel simulation operation. Each
FPGA 1s formed by a large number of basic programmable
logical units, programmable Input/Output (I/O) ports and
internal connecting lines, 1s assisted with an embedded
block Random-Access Memory (RAM), an embedded hard-
core and various Intellectual Property (IP) soit cores, has a
completely configurable parallel hardware structure, distrib-
uted memory structure and streamline structure, and may
implement high-speed numerical calculation. FPGA-based
rapid multi-time-scale simulation adopts a node method as a
frame of electromagnetic multi-time-scale simulation, and
adopts a design architecture, shown in FIG. 6, of system-
level paralleling, model-level paralleling and underlying-
layer paralleling in combination with own characteristics of
the FPGAs to increase a simulation speed, thereby imple-
menting a rapid electromagnetic multi-scale-time simulation
method.

1) System-Level Paralleling

System-level paralleling refers to adopting means of
system segmentation, parallel solving, multi-rate solving
and the like according to structure characteristics of the
system to reduce a solving scale of a large-scale system as
much as possible, increase a calculation speed, ensure
simulation real-time performance and determine a basic
allocation condition of the system on multiple FPGAs.
Thereatter, system subdivision may be performed on mul-
tiple subsystems allocated on the FPGAs to further increase
the calculation speed. Each subsystem may have an inde-
pendent calculation resource, and thus a calculation resource

of each FPGA may be fully utilized.
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2) Module-Level Paralleling

FIG. 7 shows a block diagram of a solving process of an
FPGA-based basic solving unit. Each basic solving umit 1s
formed by a plurality of hardware function modules. A node
method-based solving flow may be divided into three parts.
In STEP_I, a component type module 1s responsible for

calculating a historical quantity current source, judging a
switch state and generating a historical quantity current
source column vector. In STEP_II, linear equation system

1

solving 1s performed to calculate a node voltage. In STE-
P_III, a branch voltage and branch current of the component
of each type are updated through the node voltage calculated
in STEP_II for calculation of a next time step. As can be
seen that the calculations of various component type mod-

ules 1n dotted box parts of STEP_I and STEP_III are

completely independent, so that it 1s easy to implement
concurrent processing.

3) Underlying-Layer Paralleling

Underlying-layer paralleling mainly refers to tully refin-
ing concurrent operations from basic underlying-layer
operations of each module of the whole system. Underlying-
layer paralleling may be involved 1n parallel processing of a
complex operational formula on an algebraic operation layer
and utilization of a distributed memory on a data read-write
layer. In addition, a model decomposition technology 1is
internally adopted to segment and divide a digital model of
the power distribution network, feeder lines, substations and
teeder lines thereof, a power supply region formed by a
plurality of substations and the whole power distribution
system are taken as a simulation object for small-step length
real-time simulation segmentation, a segmentation process
may be mmplemented according to principles of balance
between complexity and a calculation amount and problem
research requirements, and segmented partition modules
may adopt a multi-FPGA blocking calculation method for
system-level paralleling acceleration.

4) Electrical System and Control System Paralleling

For ensuring real-time performance of the digital side in
D/A hybrid simulation of the complex power distribution
network, the embodiment of the disclosure adopts the par-
allel calculation method for the electrical system and control
system of the complex power distribution network. On each
step length, the electrical system may be integrated to the
time step by using an output quantity of the control system
on a previous time step, and meanwhile, the control system
1s 1ntegrated to the time step by directly using an output
quantity of the electrical system on the previous time step.
At this moment, there exists a step length delay for solving
of the electrical system, and there also exists a delay for
solving of the control system. For solving a simulation
accuracy error brought by the step length delay, in the
embodiment of the disclosure, for the control system, a
predicted value obtained by numerical integration or inter-
polation over output of the electrical system on the previous
time step 1s used as mput on the time step, then the control
system 1s integrated to the time step, and at this moment,
since solving of the control system 1s also based on the
output quantity of the electrical system on the previous time
step, parallel solving of the electrical system and the control
system may be implemented. For prediction of an electrical
quantity, various explicit numerical integration methods
may be used, and a linear or nonlinear 1nterpolation algo-
rithm may also be used. Such a parallel calculation strategy
tor the electrical and control systems may achieve calcula-
tion precision of a serial program. The whole calculation
process 1s sequentially implemented according to a time
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sequence of [1]&[1']->[2]&][2'] shown 1n FIG. 8. In the
figure, parallel solving may be implemented by Steps [1] and
[1'] as well as [2] and [2'].

(2) Multi-Time-Scale Modeling of Equipment Compo-
nents of the Complex Power Distribution Network

A multi-time-scale modeling method for the equipment
components of the complex power distribution network 1s
shown 1n FIG. 9. Multi-time-scale modeling requirements of
the equipment components of the complex power distribu-
tion network are formed according to internal mechanisms
of the equipment components of the complex power distri-
bution network such as the distributed power supply, energy
storage and a power electronic device (for example: an
clectric vehicle charging pile) and dynamic or static char-
acteristics thereof 1n various response processes of the
complex power distribution network, models, divided
according to required time scales, of the equipment compo-
nent of the complex power distribution network are estab-
lished, and a representation form includes a diflerential
equation, a nonlinear algebraic equation, a piecewise linear-
ization equation and the like. In a practical modeling pro-
cess, required dynamic processes may be selected for dif-
ferent simulation purposes and application scenarios to
achieve better balance of the models between accuracy and
complexity.

(3) A Real-Time Synchronization Technology

The multi-time-scale D/A hybrid simulation system for
the complex power distribution network needs real-time
synchronization between the digital simulation system and
the physical simulation circuit and between the digital
simulation systems. The real-time synchronization technol-
ogy 1s implemented through three aspects.

1) A Variable Step Length Technology

The embodiment of the disclosure discloses a variable
step length electromagnetic multi-time-scale simulation
method. A variable step length electromagnetic multi-time-
scale sitmulation method considering multiple switch actions
1s taken as an example. A switch action moment 1s acquired
by using a linear interpolation technology, a backward-euler
method 1n which programming 1s easier to implement 1s
adopted, and after a switch action, a various step length
backward-euler method 1s continuously used for trial inte-
gration and elimination of numerical oscillation. The
method has a capability of processing the multiple switch
actions and suppressing the numerical oscillation, and 1s also
better adapted to simulation step lengths. Its basic principle
1s as follows: when a switch action occurs during simulation
of the system on a certain step, a system solution of a switch
action moment 1s solved by using the linear interpolation
technology at first, and a correct system state 1s solved by
twice trial integration with the variable step length back-
ward-euler method; and then, the numerical oscillation 1s
suppressed by continuously utilizing the variable step length
backward-euler method twice during simulation on a next
step.

FIG. 10 1s a flowchart of a vanable step length simulation
algorithm considering multiple switch actions. The multiple
switch actions occur 1n a half step length 0.5 A 1, that 1s, the
actions occur 1n a numerical oscillation suppression process.
According to different switch action conditions, the embodi-
ment of the disclosure discloses the variable step length
simulation algorithm considering the multiple switch
actions. The method includes the following simulation steps.

1) First switch action time t_, 1s detected in an integration
process from a moment t to a moment t+A t; 2) linear
interpolation to a time-domain solution X(t_) of the switch
action moment t_, 1s performed, and a variable step length
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value hi=0.5(t+A t-t_) of the backward-euler method 1s
calculated; 3) a switch state 1s changed, a node admittance
matrix 1s modified, trial integration 1s performed once by
adopting the variable step length backward-euler method,
and 11 a switch action occurs, the switch state 1s changed for
reintegration until there 1s no more switch action; 4) forward
integration 1s performed by adopting the backward-euler
method, Step 7) 1s executed 1f no switch action 1s detected,
otherwise Step 5) 1s executed; 35) linear interpolation to the
time-domain solution X(t ;) of the switch action moment t_,
1s performed, and the variable step length value hi=t+A t-t_
of the backward-euler method 1s calculated; 6) forward tnal
integration 1s performed by adopting the backward-euler
method, and 1f a switch action occurs, the switch state 1s

changed for reintegration until there 1s no more switch
action; 7) simulation 1s performed twice by continuously
adopting a half step length (h=0.5 A t) backward-euler
method, and 11 another switch action occurs, Step 2) 1s
re-executed; and (8) m a fixed step length stage (h=A 1),
simulation 1s continued by adopting a high-stability implicit
trapezoidal integration method.

Here, the time-domain system solution X(t_,) of the switch
action momentt_, 1s calculated 1n Steps 2) and 4) by adopting
the linear interpolation technology through a formula:

I;—1I

X(1;)=X(1)+ p [X{(z+ h) — X(1)]

where h represents the simulation step length, and X(t) and
X(t+h) represent time-domain system solutions of moments
t and t+h respectively.

In the tlow of the simulation algorithm, whether there 1s
a switch action on a previous step of the system or not 1s
detected at first. If there 1s no switch action, the implicit
trapezoidal method 1s adopted for forward simulation. IT
there 1s switch action, simulation 1s performed according to
the backward-euler method 1n the algorithm. If the switch
action occurs at the end of a simulation moment, the switch
action 1s processed at the beginning of the next moment.

2) A Data Synchronization and Sharing Technology Dur-
ing Parallel Calculation of the Complex Power Distribution
Network

D/A hybrid simulation of the complex power distribution
network involves rapid parallel simulation calculation of the
digital side and extremely short delay response of the
physical side, a data volume 1s very large, and each module
1s required to be timely updated. FIG. 11 1s a state compari-
son diagram of a builer of each processor before and after
data sharing. On the basis of characteristics of a memory
data control algorithm, a system architecture and the overall
structure, a single memory 1s divided into a plurality of
blocks corresponding to different board cards on a bus
respectively. Each Master Card (MC) may only perform a
write operation on memory blocks consistent with 1ts board
card number 1n the memory, and may only perform a read
operation on the other memory blocks. Each memory block
1s divided 1nto a plurality of data blocks, and each data block
may store data received from the bus 1n an Secure Digital
Byte (SDB) cycle. A Hybrid Memory Cube (HMC) memory
block 1s configured to store data transmitted from an external
measurement system.

3) An FPGA-Based Time Adjustment Strategy

In order to achieve a purpose of real-time synchromzation
between the digital part and the analog part, a reading
moment of the digital part for real-time analog data 1s close
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to a wavelorm of analog part equipment as much as possible,
and this requires the D/A hybrid simulation interface to have
a coordination function. A conventional method 1s to adopt
high-speed A/D signal converters, the FPGAs drive the A/D
signal converters to read the real-time analog data 1n turn as
rapidly as possible, and a data storage region 1s updated in
real time. Such a method has the advantages that a logic 1s
simple and it 1s ensured that data read by the digital system
anytime 1s latest. However, 1t also has shortcomings: cost 1s
higher 11 conversion speeds of the A/D signal converters are
higher, and moreover, the FPGAs and the A/D signal con-
verters Ifrequently and repeatedly work to convert a large
amount of useless data, which greatly increases comprehen-
stve cost. The FPGA-based time adjustment strategy 1s
shown 1n FIG. 12. For ensuring stability, the digital simu-
lation system adopts operations with not so great changes 1n
the step lengths, wherein a calculation cycle 1s considered to
be fixed within a shorter time. For example, each calculation
cycle time 1s T, real-time data reading time 1s also T, a
high-speed FPGA records a reading signal of the digital
simulation system, and records the calculation cycle time of
the digital system according to the reading signal, the
high-speed FPGA may record and accurately calculate that
the cycle 1s T with a nanosecond-level error, and the high-
speed FPGA records the time, and punctually drives the A/D
signal converter at a certain time point A T before next
reading of the digital system (a value of A T may be
manually set) to perform A/D conversion on the analog data
and provide A/D conversion result for the digital sitmulation
system. In such a manner, time relationship quantification
may be implemented, and working efliciency may be
improved.

3: The Physical Simulation Circuit

2.1: System Voltage Class

The system includes one or more rated voltage classes,
and during a practical application, one or more voltage
classes may be adopted at the same time. For example, three
voltage classes, 1.e. 1,100V, 400V and 100V, may be
adopted.

For a power distribution analog simulation system with
two voltage classes existing at the same time, 1f, for
example, two 1n 1,100V, 400V and 100V are adopted as
voltage classes, a voltage 1s increased to be 1,100V by
adopting a step-up transformer at an analog power supply, a
110 kV (or 220 kV) high-voltage power distribution network
1s simulated by using the 1,100V power supply, and 1,100V
1s decreased to be 400V or 100V by voltage decrease of a
three-circuit transformer or a two-circuit transformer. A 335
kV power distribution network or medium-voltage power
distribution network 1s simulated by using 400V, or a 10 kV
medium-voltage power distribution network 1s simulated by
using 100V, so as to realize a function of simulating two
voltage classes. A 400V voltage may also be directly taken
from a power electronic inverter power supply without any
step-up transformer, and 1s converted mnto a 100V voltage
through a step-down transformer, a 35 kV power gnd or
medium-voltage power distribution network 1s simulated by
using 400V, and the medium-voltage or low-voltage power
distribution network 1s simulated by using 100V,

2.2: Physical Equipment Composition

(1) The Power Simulation Unit

The power simulation unit includes a power grid power
simulation device, a distributed power simulation device and
the like.

(a) The Power Grid Power Simulation Device

The power grid power simulation device 1s mainly formed
by the power electronic mverter power supply, the step-up
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transformer and an energy storage device. The simulation
system for the complex power distribution network includes
at least one power grid power simulation device.

There are two types of power electronic inverter power
supplies. During the practical application, the two types may
be adopted at the same time, or only one of them may be
adopted. The first type takes electricity from a power supply
network to supply power to the simulation system in an
AC-DC-AC conversion manner, and the power electronic
iverter power supply of the second type 1s formed by an
AC-DC 1nversion device and a DC-AC 1nversion device. A

structure diagram of the power grid power stmulation device

1s shown i FIG. 13.

(b) The Distributed Power Simulation Device

The distrnibuted power simulation device adopts two
implementation manners, and one or both two of them may
be adopted 1n the same system.

The first manner 1s a umfied mode, that is, the power
clectronic inverter power supply accesses the power supply
network, takes electricity from the power supply network in
the AC-DC-AC conversion manner, and then simulates
different types of distributed power supplies to supply power
to the simulation system according to a given control
method. Here, photovoltaic, photothermal and wind power
generation may adopt a constant voltage, constant current or
power control mode, and a gas turbine may adopt a syn-
chronous motor control manner to simulate power and
frequency response characteristics of a synchronous motor.

The second manner 1s an independent mode, that 1s,
different distributed power supplies adopt different 1mple-
mentation manners. For example, power generation with the
gas turbine may adopt the power electronic inverter power
supply; photovoltaic and photothermal power generation
may adopt an AC-DC mverter+DC-AC inverter manner, an
AC-DC 1mverter simulates photovoltaic and photothermal
power generation, and a DC-AC inverter simulates a grid-
connected device of a DC and AC system; and wind power
generation may adopt a manner of driving a power generator
by a motor to simulate wind power generation. A structure

diagram of the distributed power simulation device 1s shown
in FIG. 14.

(2) The Line Simulation Unait

The line simulation unit includes a substation simulation
unit and a power line simulation umt. Here, the substation
simulation unit mainly includes a main transformer, a
grounding unit and a switch; and the power line simulation
unit mainly includes a feeder line, the switch, a transformer,
a reactive power compensation device, a voltage adjustment
device and the like. A structure diagram of the line simula-
tion unit 1s shown i FIG. 15. In the embodiment of the
disclosure, the substation simulation unit 1s divided to the
line simulation unit, or may exist as an independent module
independent from the line simulation unait.

(3) The Load Simulation Unait

Two types of implementation manners are adopted for the
load simulation unit. The first type 1s a controllable simu-
lation load device, called as a linear simulation load device,
formed by connecting a resistor, an inductor and a capacitor
in series and 1n parallel. The second type 1s called as a power
clectronic verter load device, and adopts a power elec-
tronic inverter as a simulation load, active and reactive
power 1s absorbed from a simulation power grid according,
to a set rule and the response characteristic of the load on one
side of the power electronic inverter, and during application,
the other side of the power electronic iverter may be
directly connected to a position such as an outgoing line of

5

10

15

20

25

30

35

40

45

50

55

60

65

20

the power supply network or simulation power supply of the
simulation system to implement recycling of energy.

The linear simulation load device mainly includes the
transformer and a programmable load simulation adjustment
device. A structure diagram of the load simulation unit 1s

shown 1n FIG. 16.

(4) The Failure Stmulation Unait

Event simulation mainly includes failure simulation and
equipment action simulation. Failure simulation includes
simulation of an event such as a three-phase short circuit, a
two-phase short circuit, a single-phase grounded short cir-
cuit, single-phase breakage and two-phase breakage, and
also includes simulation of an overvoltage, an overload,
undervoltage, three-phase unbalance, insuflicient reactive
power, a voltage sag, a voltage flicker, a voltage fluctuation
and a harmonic phenomenon. Equipment action simulation
mainly mcludes simulation of an event such as load switch-
ing, distributed power switching, no-load long-line switch-
ing, on-ofl switching, transformer switching, charging
device/energy storage device switching and a line loss.

Event simulation 1s implemented through an event simu-
lation device, and for example, power grid performance
simulation and safety and stability simulation are imple-
mented by adjusting power of the simulation power supply,
simulating a three-phase voltage and the load, adjusting
three-phase and single-phase power of the load simulation
device, adjusting the reactive power compensation device
and adjusting a harmonic generator. Equipment action simu-
lation 1s implemented by controlling switches for access of
the load, the distributed power supply, the transformer and
the like to the simulation power grid to be turned on and
turned ofl.

(5) The Protection Simulation Unait

The protection simulation unit 1s responsible for own
protection device of the equipment and secondary protection
of the physical simulation system.

The protection simulation unmit includes two parts. One 1s
own protection function of the equipment, mainly for equip-
ment overheat and overvoltage, that 1s, when a running
temperature and running voltage of the equipment possibly
threaten safety of the equipment, the equipment 1s discon-
nected from the simulation power supply through a circuit
breaker. The second 1s protection of the simulation power
orid, mainly for secondary protection of the simulation
power grid. Protection of the simulation power grid mainly
includes relay protection integrated 1nto the circuit breaker,
a voltage/current detection and comparison judgment func-
tion, an independent failure analysis/decision making device
and a simulation power grid monitoring main station. When
the simulation power grid has a power grid failure charac-
teristic, an analytic judgment 1s made according to a set
protection action rule and a failure diagnosis and analysis
program, and actions are further taken to turn on and turn ofl
the switch, thereby implementing secondary protection of
the simulation power grid.

(6) The Monitoring Simulation Unait

The monitoring simulation unit mainly includes a low-
voltage Potential Transformer (PT), a low Current Trans-
former (CT), communication, a terminal and a monitoring
and control system.

The low-voltage PT 1s required to meet a measurement
requirement on voltages 0-1,500V, the low-voltage CT 1s
required to meet a measurement requirement on currents
0-1,000 A, during configuration, the PT and the CT are both
configured according to three phases, and the PT measures
phase voltages.
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Communication may adopt a wired communication man-
ner, and may also adopt a wireless communication manner,
and a local area network 1s formed to implement commu-
nication between the equipment and between the equipment
and the momtoring and control system.

2.3: Design of the Topological Structure of the Physical
Simulation System.

In order to implement flexible topological structure design
of the physical simulation part, the embodiment of the
disclosure discloses a tlexible topological structure design
method, and its 1dea 1s as follows.

(1) Terminals 1n a terminal cabinet are physically con-
nected with connecting terminals of physical components of
the power distribution network.

(2) For ensuring physical connection correctness and
consistency of the design topological structure, the upper
computer software automatically generates a “connecting
l1st” according to connecting characteristics of the designed
topological structure, the list including a sequence number
and port numbers of each component and a connecting
relationship between each terminal of different components.
A basic method 1s as follows: a uniquely corresponding
model 1s designed for each physical component, all required
component models are integrated in the software, lines are
drawn for connection according to the topological structure
required to be designed, and the software automatically
recognizes the connecting relationship between the compo-
nents, and generates the “connecting list”, the list including
the sequence number of each component, the port numbers
of the components and the connecting relationship between
ports of the components.

(3) The physical components of the power distribution
network are connected 1n the terminal cabinet according to
the “connecting list” to form a physical component topo-
logical structure consistent with the topological structure
designed by the upper computer.

A flowchart of the flexible topological structure design
method for the physical simulation equipment 1s shown in
FIG. 17.

4: A D/A Hybnd Interface Device for the Complex Power
Distribution Network

Hardware implementation of the D/A hybrid interface
device for the complex power distribution network 1s shown
in FIG. 18. The D/A hybrid interface device mainly includes
three parts, 1.e., a data acquisition unit, a power amplification
unit and a switch signal unit.

The data acquisition unit: a voltage and current signal of
the physical simulation circuit 1s converted into a low
voltage or low current signal through a mutual inductor or a
sensor, and 1s sent to the D/A hybrid interface device, the
A/D data acquisition unit of the D/A hybnd interface device
converts an analog signal into a digital signal, and a data
bufler part of the data acquisition unit may temporarily
cache the digital signal. A bufler action enables a processor
which works at a high speed and external low-speed data
processing equipment to coordinate for work to ensure data
sending integrity.

A main task of the power amplification unit 1s to 1mple-
ment output power amplification of a digital simulator and
convert the digital signal into a real current signal for
participating in running of the simulation circuit. At first, a
digital current signal of the digital simulation system 1is
converted into an analog voltage signal through a D/A
conversion device, the analog voltage signal 1s converted
into a current, for example, a 50 A current, corresponding to
a digital quantity through a current power amplifier for
conversion to a voltage signal of which an effective value
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1s 5V through the D/A conversion device, the 5V voltage
signal 1s amplified 1nto a 50 A current signal through the 10
A/V-ratio current power amplifier, and the 50 A current
signal 1s injected into the simulation power grid for running.
The switch signal unit: the switch signal unit adopts an
1solation device for i1solation, and the isolation device
includes a photo coupler, a relay and the like. It has two
functions: (1) a switch instruction of the digital simulation
system 1s directly transmitted to an analog switch device, for
example, a circuit breaker and an air switch, for execution;
and 2) a switch state of the physical simulation circuit 1s sent
to the upper computer digital simulation system, for
example, after tripping of the circuit breaker, the digital
simulation system receives an expiration state through the
D/A hybnd interface, and the digital simulation system 1s
synchronously updated.

5: The Simulation Method of the D/A Hybrnid Simulation
System for the Complex Power Distribution Network

The D/A hybrid simulation system for the complex power
distribution network implements a hardware-in-the-loop
simulation function. The implementation form of the D/A
hybrid simulation system may change according to a
requirement of a runming scenario, for example, the follow-
Ing scenarios.

(1) D/A hybrid simulation 1n case that the complex power
distribution network runs in a digital simulation part: the
digital part performs simulation model construction and
real-time power flow and running state stmulation according
to a given scenario, its running state 1s reflected to the
physical simulation part through the D/A hybrid interface
device, and a monitoring and protection device of the
physical simulation part monitors the running state of the
digital part. If an “event or failure” occurs at a certain
moment when the digital part runs, the real momtoring and
protection device of the physical simulation part timely acts
according to the event or the failure, and sends an acting
signal to the digital part through the simulation interface
device, and after receiving the acting signal of the physical
simulation part, the digital part performs simulation calcu-
lation according to a stmulation model after acting, so as to
achieve a purpose of testing the monitoring and protection
device of the physical simulation part. A schematic diagram
of D/A hybnd simulation 1n case that the complex power
distribution network runs in the digital simulation part is
shown 1 FIG. 19.

(2) D/A hybrid simulation 1n case that the complex power
distribution network runs in the analog equipment part: the
physical simulation part constructs a simulation topology
according to a given scenario, its running state 1s sent to the
digital part through the D/A hybnd interface device after live
running ol physical simulation, and a monitoring and pro-
tection module of the digital part monitors a real runmng
state of physical simulation. If an “event and event simula-
tion device” of the physical simulation part has an event, for
example, short circuit, at a certain moment according to a
simulation requirement, the digital part monitors such a
signal 1n real time and sends a protection action instruction,
the protection action instruction 1s sent to the real protection
device of the physical simulation part through the D/A
hybrid interface device, and the protection device acts and
1solates a failure point to achieve a purpose of monitoring
the physical simulation part by the digital simulation system.
A schematic diagram of D/A hybnd simulation 1n case that
the complex power distribution network runs 1n the analog
equipment part 1s shown 1n FIG. 20.

(3) D/A hybnd simulation with respective digital transient
and steady calculation of the complex power distribution
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network: the system 1s divided into a simulation computer
calculating a power grid model of the complex power
distribution network and a real-time simulator configured to
calculate electronic transient and electromagnetic transient
models, two systems are connected by high-speed commu-
nication, and the real-time simulation system 1s connected
with the physical simulation circuit through the power
amplifier, so that a large-scale multi-scale simulation system
may be implemented, and a hardware-in-the-loop simulation
system may also be implemented. A schematic diagram of
D/A hybrid simulation with respective digital transient and
steady calculation of the complex power distribution net-
work 1s shown 1 FIG. 21.

In addition, on the basis of the above three basic forms,
cach module of the digital part and physical simulation may
run independently, the digital part may wholly or partially
participate 1n D/A hybrid simulation of the physical simu-
lation part, and all or part of equipment of the physical
simulation part may also participate 1n D/A hybrid simula-
tion of the digital part. Configurations are flexible and
variable according to the simulation requirement.

The embodiment of the disclosure further records a com-
puter storage medium, the computer storage medium stores
one or more programs, the one or more programs may be
executed by one or more processors to implement a multi-
time-scale D/A hybrid simulation method for a complex
power distribution network.

Those skilled in the art should know that a function of
cach program in the computer storage medium of the
embodiment may be understood with reference to related
descriptions about the multi-time-scale D/A hybrid simula-
tion method for the complex power distribution network in
the embodiment.

In some embodiments provided by the disclosure, It 15 to
be understood that the disclosed equipment and method may
be implemented 1n another manner. The equipment embodi-
ment described above 1s only schematic, and for example,
division of the units 1s only logic function division, and other
division manners may be adopted during practical imple-
mentation. For example, multiple units or components may
be combined or integrated into another system, or some
characteristics may be neglected or not executed. In addi-
tion, coupling, or direct coupling or communication con-
nection between each displayed or discussed component
may be indirect coupling or communication connection,
implemented through some interfaces, of the equipment or
the units, and may be electrical and mechanical or adopt
other forms.

The units described as separate parts may or may not be
physically separated, and parts displayed as unmits may or
may not be physical units, and namely may be located in the
same place, or may also be distributed to multiple network
units. Part or all of the units may be selected to achieve the
purpose of the solutions of the embodiment according to a
practical requirement.

In addition, each function unit 1n each embodiment of the
disclosure may be integrated 1nto a processing unit, each unit
may also exist independently, and two or more than two
units may also be integrated into a unit. The integrated umit
may be implemented in a hardware form, and may also be
implemented in form of hardware and software function
unit.

Those skilled 1n the art should know that: all or part of the
steps of the method embodiment may be implemented by
instructing related hardware through a program, the program
may be stored in a computer-readable storage medium, and
the program 1s executed to execute the steps of the method

10

15

20

25

30

35

40

45

50

55

60

65

24

embodiment; and the storage medium includes: various
media capable of storing program codes such as mobile

storage equipment, a Read-Only Memory (ROM), a RAM,
a magnetic disk or an optical disk.

Or, when being implemented in form of software function
module and sold or used as an independent product, the
integrated unit of the disclosure may also be stored 1n a
computer-readable storage medium. Based on such an
understanding, the technical solutions of the embodiments
of the disclosure substantially or parts making contributions
to the conventional art may be embodied 1n form of software
product, and the computer software product 1s stored 1n a
storage medium, including a plurality of instructions con-
figured to enable a piece of computer equipment (which may
be a personal computer, a server, network equipment or the
like) to execute all or part of the method 1n each embodiment
of the disclosure. The storage medium includes: various
media capable of storing program codes such as mobile
storage equipment, a ROM, a RAM, a magnetic disk or an
optical disk.

The descriptions about specific exemplary implementa-
tion solutions of the disclosure are intended for explanation
and exemplification. These descriptions are not intended to
limit the disclosure to the disclosed precise form, and
obviously, there may be many modifications and vanations
made according to the guidance. The exemplary embodi-
ments are selected and described to explain the specific
principle and practical application of the disclosure, thereby
enabling those skilled in the art to implement and utilize
various exemplary implementation solutions of the disclo-
sure and various selection and changes. The scope of the
disclosure 1s limited by the claims and an equivalent form
thereof.

The device embodiment described above 1s only sche-
matic, wherein the units described as separate parts may or
may not be physically separated, and parts displayed as units
may or may not be physical units, and namely may be
located 1n the same place, or may also be distributed to
multiple network units. Part or all of the units may be
selected to achieve the purpose of the solutions of the
embodiment according to a practical requirement. Those
skilled 1n the art may understand and implement without
creative work.

The embodiments are only adopted not to limit but to
describe the technical solutions of the disclosure. Although
the disclosure has been described 1n detail with reference to
the embodiments, those skilled in the art may still make
modifications or equivalent replacements to the specific
implementation modes of the disclosure, and any modifica-
tions or equivalent replacements made without departing
from the spirit and scope of the disclosure shall fall within
the scope of protection of the claims of the disclosure
applied for approval.

INDUSTRIAL APPLICABILITY

The embodiment of the disclosure discloses a multi-time-
scale D/A hybrid simulation solution for a complex power
distribution network, designs a D/A hybrid interface device
and a coordination mechanism, and may effectively imple-
ment multi-time-scale real-time simulation of equipment
(for example, power electronic equipment including a com-
plex topological structure and a novel control strategy) of
the complex power distribution network and multi-time-
scale stmulation analysis on grid connection/disconnection
of a distributed power supply such as a wind-driven gen-
erator, a photovoltaic power generator and a gas turbine and
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an electric vehicle as well as interactive influence with the
power distribution network. The technical solution of the
embodiment of the disclosure provides a more powertul,
more long-lasting and deeper support for power grid pro-

duction operation and management from promotion of 5

development of new-generation most cutting-edge novel
technologies for power distribution networks and improve-
ment of runmng control and analysis levels of the power
distribution networks and from the angles of power distri-
bution network planning, design, running regulation and
control and the like.

What 1s claimed 1s:

1. A multi-time-scale Digital/Analog (D/A) hybrid simu-
lation system for a power distribution network, the D/A
hybrid simulation system being configured to implement
single voltage class and/or multi-voltage class-based multi-
time-scale D/A hybrid simulation of an Alternating Current
(AC) power grid, a Direct Current (DC) power grid and an
AC and DC hybnd power grid, the D/A hybrid simulation
system for the power distribution network comprising:

a digital simulation system, comprising a hardware cir-
cuit, and configured to perform D/A hybnd transient
simulation on the power distribution network compris-
ing a distributed power supply;

a D/A hybrid interface circuit, configured to perform
synchronization for data coordination and time consis-
tency:;

a physical simulation circuit, configured to construct a
topological structure of a complex power distribution
network comprising a static Direct Current (DC) type
power supply and a rotating Alternating Current (AC)
motor; and

a Field-Programmable Gate Array (FPGA), configured to
provide a real-time synchromization simulation tech-
nology for a simulation layer of the digital simulation
system and provide the FPGA-based time adjustment
technology for the digital simulation system and the
D/A hybnd interface circuit, wherein

the digital stmulation system and the physical stmulation
circuit are connected through the D/A hybrid interface
circuit to form a multi-time-scale simulation system
which 1s a loop;

the multi-time-scale D/A hybrid simulation system further
comprises a terminal cabinet for receiving the physical
simulation circuit, terminals 1n the terminal cabinet are
connected with connecting ports ol power physical
components, and the terminal cabinet 1s drawn with
cach component marking symbol and pasted with
names and connecting port numbers,

cach of the power physical components corresponds to a
umquely corresponding model for drawing lines for
connection, and a upper computer i1s configured to
recognize a connecting relationship between the com-
ponents, and generate a connecting list, the connecting
list comprising a sequence number of each component,
port numbers of the components and a connecting
relationship between ports of the components; and

a process that the upper computer 1s configured to gen-
crate the connecting list according to a topological
relationship between the power physical components 1s
implemented as follows: the upper computer 1s further
configured to traverse all the components 1n a sequence
from small to large sequence numbers of the power
physical components and traverse all the ports of the
components 1 a sequence from small to large port
numbers to form the connecting list, and record the
component sequence numbers and port numbers which
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are traversed for the first time as primary component
sequence numbers and port numbers of new nodes.

2. The multi-time-scale D/A hybrid simulation system for
the power distribution network according to claim 1,
wherein design of the digital stmulation system comprises:
design of an interaction layer, design of a modeling layer and
design of the simulation layer; the design of the interaction
layer 1s configured to be responsible for visual interaction
with a user, construct a simulation circuit by adopting a
component model pattern established by the modeling layer
and perform parameter setting for simulation components;
the design of the modeling layer 1s configured to be respon-
sible for mathematical modeling for simulation components,
component parameter definition, parameter estimation and
verification and component pattern appearance design; and
the design of the simulation layer i1s configured to be
istructed by the interaction layer to perform simulation
calculation on the simulation circuit constructed by the
interaction layer on the basis of a simulation component
mathematical model established by the modeling layer with
reference to a corresponding parameter setting for the simu-
lation components, the simulation calculation comprising
design of parallel calculation of an electrical system and a
control system and FPGA-based design of a digital frame.

3. The multi-time-scale D/A hybrid simulation system for
the power distribution network according to claim 1,
wherein the FPGA 1s further configured to adopt a logical
programming-based FPGA to perform hardware-accelerated
digital simulation, and simultaneously adopt a multi-FPGA
partition paralleling method to accelerate system-level digi-
tal simulation of the power distribution network.

4. The multi-time-scale D/A hybrid simulation system for
the power distribution network according to claim 1,
wherein the D/A hybnid interface circuit comprises:

a data acquisition circuit, configured to acquire a voltage

and current signal of a simulation circuit constructed by
a stmulation modeling layer of the physical simulation
circuit and send the voltage and current signal to the
digital simulation system;

a power amplification circuit, configured to implement
power amplification of the current signal of the digital
simulation system and convert a digital signal into a
real current signal for participating in runmng of the
physical simulation circuit; and

a switch signal circuit, configured to implement 1solated
sending ol a switch signal between the digital simula-
tion system and the physical simulation circuit.

5. The multi-time-scale D/A hybrid simulation system for
the power distribution network according to claim 4,
wherein the data acquisition circuit comprises a data builer,
Analog/Digital (A/D) data collector and voltage condition-
ing umt which are connected 1n sequence; a voltage and
current signal of the physical simulation circuit 1s converted
into a voltage or a current signal lower than the voltage and
current signal of the physical simulation circuit through a
mutual inductor or a sensor, and 1s sent to the D/A hybnd
interface circuit, the A/D data collector of the /A hybnd
interface circuit 1s configured to convert an analog signal
into a digital signal, and the data bufler of the data acqui-
sition circuit 1s configured to temporarily cache the digital
signal;

the power amplification circuit comprises a D/A converter
and a power amplifier which are connected 1n
sequence; a signal of the digital simulation system
passes the D/A converter at first, and the D/A converter
1s configured to convert a digital current signal of the
digital simulation system into an analog voltage signal,
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and the analog voltage signal 1s converted 1nto a current
corresponding to a digital quantity through the power
amplifier; and

the switch signal circuit adopts an 1solation device for

1solation, and the switch signal circuit 1s configured for:
1) directly transmitting a switch instruction of the
digital simulation system to the physical simulation
circuit for execution, and 2) sending a switch state of
the physical simulation circuit to a digital part of an
upper computer.

6. The multi-time-scale D/A hybrid simulation system for
the power distribution network according to claim 1,
wherein the FPGA-based time adjustment technology 1s
adopted to achieve a purpose of real-time synchronization of
the digital simulation system and the physical simulation
circuit, and the FPGA-based time adjustment technology 1s
as follows: a high-speed FPGA with a nanosecond-level
error records a reading signal of the digital simulation
system, records a calculation cycle time of the digital system
according to the reading signal, and punctually drives an
A/D signal converter at a time point A T before next reading
of the digital stmulation system to perform A/D conversion
on analog data and provide A/D conversion result for the
digital simulation system.

7. The multi-time-scale D/A hybrid simulation system for
the power distribution network according to claim 1,
wherein the physical simulation circuit 1s configured to
implement analog simulation of a multi-voltage class power
distribution network, and comprises a power simulation unit,
a line simulation unit, a load simulation unit, a protection
simulation unit, a monitoring simulation unit and a physical
synchronmization module; and a power distribution network
type object which can be simulated by the physical simu-
lation circuit comprises a single-voltage class or multi-
voltage class passive power distribution network between O
V and 1500 V, active power distribution network, closed-
loop running power distribution network, and AC and DC
hybrid power distribution network.

8. The multi-time-scale D/A hybrid simulation system for
the power distribution network according to claim 1,
wherein simulation functions of the multi-time-scale D/A
hybrid simulation system comprise that: 1) the physical
simulation circuit monitors the digital simulation system:
model real-time power flow runmng state simulation 1s
completely performed in the digital simulation system, a
monitoring and protection device of the physical simulation
circuit monitors a running state of the digital simulation
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system, and 11 an event or failure occurs at a certain moment
when the digital stmulation system runs, the real monitoring
and protection device of the physical simulation circuit
timely acts according to the event or the failure, and sends
an acting signal to the digital simulation system through the
D/A hybnid interface circuit to achueve a purpose of testing
the monitoring and protection device of the physical simu-
lation circuit; 2) the digital simulation system monitors the
physical simulation circuit: the physical simulation circuit
constructs a stmulation topology according to a given sce-
nario, 1ts running state 1s sent to the digital simulation
system through the D/A hybrid interface circuit, and a
monitoring and protection module of the digital simulation
system monitors a real running state of physical simulation
to achieve a purpose of monitoring the physical simulation
circuit by the digital simulation system; and 3) D/A hybnd
simulation with respective digital transient and steady cal-
culation of the complex power distribution network: the
system 1s divided 1nto a simulation computer calculating a
power grid model of the complex power distribution net-
work and a real-time simulator configured to calculate
clectronic transient and electromagnetic transient models,
two systems are connected by high-speed communication
between 5 MB/S and 100 MB/S, and the real-time simula-
tion system 1s connected with the physical simulation circuit
through a power amplifier.

9. A simulation method of the multi-time-scale Digital/
Analog (D/A) hybrid simulation system for the power
distribution network according to claim 1, comprising the
tollowing scenarios: (1) D/A hybrid simulation of the com-
plex power distribution network running 1n a digital simu-
lation system; (2) D/A hybrid simulation of a part of the
complex power distribution network running 1n a physical
simulation equipment; and (3) D/A hybrid simulation 1n
which digital transient calculation and steady calculation of
the complex power distribution network are performed
respectively, wherein based on the above three basic forms,
modules 1n the digital simulation system and the physical
simulation circuit all run independently, the digital simula-
tion system wholly or partially participates in D/A hybnd
simulation of the physical simulation circuit, and all or part
of equipment of the physical simulation circuit participates
in D/A hybrid simulation of the digital simulation system.

10. A non-transitory computer storage medium having
stored therein computer-executable instructions for execut-
ing the method according to claim 9.
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